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Overview

I PHENIX has been busy
I Spin
I High-pT
I Heavy Flavor
I Collectivity in Small Systems
I Direct Photons

I Since the last User’s Meeting
I 15 publications published or in referee review
I 7 Theses have been defended.
I 70 talks at 23 conferences have been given.
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FIG. 8. The W ± ! µ±⌫ cross section measured at for-
ward and backward rapidity from this measurement averaged
over both arms 1.1 < |⌘| < 2.5 (closed [blue] circles) and cen-
tral rapidity measurements from PHENIX �0.35 < ⌘ < 0.35
(closed [blue] triangles) [13] and STAR �1.0 < ⌘ < 1.0 (closed
[green] stars)[11]. The horizontal bars and shading [yellow]
show the statistical and systematic uncertainties, respectively.
The vertical-line estimates from the NLO generators are from
left to right: che [purple], rhicbos [blue], and pythia6.4,
using TuneA and a k-factor of 1.4 [green].

MC generators to remove the Z contributions. These con-
tributions amount to about 18% to 22% for positive and
negative muons, respectively. Again, the di↵erences be-
tween pythia and rhicbos were assigned as systematic
uncertainties. As was shown in Fig. 4, the charge re-
construction e�ciencies are generally very high and well
described by MC simulations. The e�ciencies are found
to drop towards low absolute pseudorapidities. To esti-
mate its possible e↵ect, the di↵erence to a charge mis-
identification rate of 20% was assigned as systematic un-
certainty. Due to the larger yields for positive muons,
this systematic uncertainty results in lower uncertainties
on the W� and upper uncertainties on the W+ cross
sections.

All these contributions were varied either in the un-
binned maximum likelihood fits directly or in the cross
section extractions. The individual uncertainties were
assumed to be uncorrelated, and a Gaussian sampling
technique was applied to obtain the total uncertainties
on the signal-to-background ratios as well as for the cross
sections. For the asymmetry calculations the uncertain-
ties on the signal-to-background ratios as well as the im-
pact of charge mis-identification and smearing were again
taken into account in the background-corrected asymme-
tries. The systematic uncertainties of the cross section
measurements are summarized in Table II.

Apart from these contributions to the systematic un-
certainties, various consistency checks were performed to
ensure that signals are reliably extracted and the sin-
gle spin asymmetries are correct. The asymmetries were
tested with randomized helicity patterns to ensure that
no false asymmetries get extracted and no hidden sys-
tematic uncertainties are present. When changing either
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FIG. 9. Longitudinal single spin asymmetry, AL for (a)
W+ + Z!µ+, e+ and (b) W� + Z!µ�, e�. The PHENIX
results are for the current combined two muon arms and com-
bined 2012+2013, pµ

T > 16 GeV (closed [red] circles), and
for previously published 2010+2012, pe

T > 30 GeV (closed
[blue] squares) and 2013, pe

T > 30 GeV (closed [purple] tri-
angles) [13]. The STAR results (closed [green] stars) [11].
are for combined 2011+2012. Also shown are the statistical
error bars and systematic uncertainty boxes. The curves de-
pict helicity PDF parameterizations from various global fits
described in the text that are calculated using the polarized
NLO generator che.

the momentum range or the Wness range, the amount of
background events rapidly grows and the asymmetries all
become consistent with zero as expected.

VI. RESULTS

Figure 8 shows the extracted total cross sections for
inclusive W± ! µ± production in p+p collisions at a
center-of-mass energy of 510 GeV. The cross sections are
consistent within uncertainties with previous measure-
ments at this energy from central W! e decay channels
[12, 23] and with the expected NLO predictions. The
uncertainties are dominated by the large uncertainty on
the extracted signal-to-background ratios but are compa-
rable with the previously published PHENIX results at
central rapidities.

The longitudinal single-spin asymmetries, AL, mea-
sured at forward and backward rapidities are shown in
Fig. 9(a) for positive and Fig. 9(b) for negative W + Z
decay muon candidates. The two individual single spin
asymmetries from the two colliding beams have been
combined after correcting for background. Vertical lines
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arXiv:1804.04181 submitted to PRD

I AL sensitive to light sea quarks

I Asymmetries from global fits
mostly consistent with our
results
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Spin

π± ALL

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

I First charged pion ALL measured
at 510 GeV

I Ordering of asymmetries
sensitive to the sign of ∆g
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Spin

J/ψ AN in polarized p+A
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FIG. 4. (a) Backward [xF < 0] and (b) forward [xF > 0] A
J/ 
N vs pT for open [black] circles p+p, closed [red] circles p+Al,

and closed [blue] boxes p+Au collisions. The shaded [gray] boxes show the systematic uncertainty. The data points for p+Al
and p+Au collisions have been shifted in pT for clarity.

quadratically as a total systematic uncertainty.
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FIG. 5. A
J/ 
N vs xF for for open [black] circles p+p, closed

[red] circles p+Al, and closed [blue] boxes p+Au collisions.
The shaded [gray] boxes show the systematic uncertainty. The
data points for p+Al and p+Au collisions have been shifted
in xf for clarity.

The first systematic uncertainty source (“source 1”)
concerns the method of determining the asymmetry it-
self. We check this by determining AN with a di↵erent
method, the azimuthal fitting method. Similar to Eq. 2,
the production cross section of J/ as a function of the

azimuthal angle � is given by:

�(�) / 1 + P · AN sin(�pol � �), (6)

where �pol = +(�)⇡/2 when the spin is up (down).

The asymmetry can be written as function of az-
imuthal angle � as:

A(�) =
�"(�) � �#(�)

�"(�) + �#(�)
= AN · cos(�). (7)

Therefore, AN can be extracted by fitting the A(�) with
a cosine modulation. As an example, Figure 3 shows the
determination of Aincl

N for dimuons with 0.42 < pT <
2 GeV/c in the Au-going direction. The di↵erences
of J/ AN determined from the maximum likelihood
method and azimuthal fitting method are treated as a
systematic uncertainty. The value of the source 1 uncer-
tainty ranges from 1% to 35% of the statistical uncer-
tainties.

A second source of systematic uncertainty (“source 2”)
is from the method of determining the background frac-
tion f . We studied a potential bias of the GPR method
by parameterizing the background with a 3rd order poly-
nomial instead. The f changed by about 2% and the
corresponding di↵erence in the resulting background cor-
rected J/ AN s has been assigned as a systematic un-
certainty which is of the order of 10% of the statistical
uncertainty.

I J/ψ AN 6= 0 for low pT p+Au, some novel mechanism?
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Spin

Charged Particle AN in p+A

positively	charged	hadron	AN in	p+p,	p+Au

• AN of	(survived)	" ±,#±mixture.
• p+Auàh(+)+X	shows	clear	suppression	of	AN at	xF>0.1

4/17/18 Jeongsu	Bok	/	DIS2018	/	PHENIX	Forward	Hadron	A_N 12

A (p, Al, Au)p↑
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I Positive charged hadrons have
non-zero asymmetry at forward
(proton-going) rapidity.

I Smaller asymmetry in p+Au for
xF > 0.1.
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Spin

Charged Particle AN in p+A
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Nuclear	dependence	of	AN

• Nuclear	dependence	of	AN for	positively	charged	hadron	at	0.1<xF<0.2
• Fit	function	is	to	quantify	the	A-dependence,	x-axis	is	A(1/3)	

• power	parameter	% =1	corresponds	to	1/A(1/3) dependence
• Right	panel	is	&2 for	wide	range	of	power	parameter	%
• '&2=21	at	%=0	(NO	A-dep),	out	of	4sigma
4/17/18 Jeongsu	Bok	/	DIS2018	/	PHENIX	Forward	Hadron	A_N 13

Avg.Ncoll dependence	of	AN

4/17/18 Jeongsu	Bok	/	DIS2018	/	PHENIX	Forward	Hadron	A_N 14

• Avg.Ncoll dependence	of	AN for	positively	charged	hadron	at	0.1<xF<0.2
• x-axis	is	averaged-Ncoll,	related	to	the	path	length	in	a	nucleus	in	p+A collisions

• x-axis	indicates	how	much	material	proton	go	through

• Right	panel	is	&2 for	wide	range	of	power	parameter	(
• '&2=22	at	(=0

I AN decreases with medium length and number of collisions.
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High pT

High pT.
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High pT p+A Broadening

π0 − h Correlations in p+A
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FIG. 4. A diagram which shows the hard scattering kine-
matics of a nearly back-to-back correlation for (a) dihadron
and (b) direct photon-hadron events, adapted from Ref. [32].
Two hard-scattered partons, shown in red, are acoplanar

due to the initial-state ~k1
T and ~k2

T of the colliding partons.
The partons result in a trigger and associated jet fragment
ptrig

T and passoc
T with a transverse momentum component per-

pendicular to the jet axis j
T

trig
y

and jTassoc
y

in the trans-

verse plane, which are assumed to be Gaussian such thatp
hj2

T i =
q

2hj2

T
trig
y

i =
q

2hj2
Tassoc

y
i. For direct photons (b)

ptrig
T corresponds to the hard scattering vector because the

direct photon is produced from the hard scattering. In each
figure the quantity xE is labeled as the green vector and ap-
proximates the momentum fraction z of the final-state away-
side hadron.

on hzT i = ptrig
T /p̂trig

T , which is roughly 0.6 at Relativistic-
Heavy-Ion-Collider (RHIC) energies [43]. Thus, for ⇡0-
hadron correlations, on average z < xE ; therefore the
dihadron and direct photon-hadron correlations are on
average probing di↵erent values of the away-side hadron
momentum fraction z.
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FIG. 5. The pout distributions are shown for dihadron and
direct photon-hadron correlations, binned in xE . The 9%
charged hadron normalization uncertainty is not explicitly
shown on the figure.

The pout distributions for p+p collisions at
p

s = 200
GeV binned in 0.1 < xE < 0.5 are shown in Fig. 5. The
open points are the ⇡0-hadron correlations, while the
filled points are the direct photon-hadron correlations.
In constructing the correlations, the underlying event
was statistically subtracted following a method similar to
Ref. [32]. The functions used to statistically subtract the
underlying event are shown as fits to the away-side dis-
tributions in Fig. 3. Although the correlation functions
are binned in xE instead of passoc

T , there is still a clear
transition from nonperturbative to perturbative sensitiv-
ity in the distributions. This is highlighted by the Gaus-
sian fits to the small pout region [-1.1,1.1] GeV/c in the
figure, where the fits clearly fail at describing the correla-
tions at large pout. We also note that Ref. [32] found that
the large pout region was described reasonably well with
a Kaplan fit; here the distributions are not described by
a Kaplan fit due to the smaller center-of-mass energy.
When

p
s is smaller, it is less likely that a high pT gluon

radiation will occur such that pout is large. This causes
the pout distributions to fall more quickly towards zero
at large pout.

The widths of the Gaussian fits are extracted to quan-
tify the evolution of the nonperturbative away-side jet
widths as a function of ptrig

T . Systematic uncertainties
are evaluated by adjusting the fit region by ± 0.2 GeV/c
and taking the absolute di↵erence of the resulting Gaus-
sian width. The values are shown in Fig. 6 and Table I
and clearly demonstrate that the widths increase with
ptrig

T . This is in contrast to Ref. [32], where the widths

decreased as a function of ptrig
T when the pout distribu-

tions were binned in a fixed passoc
T range and thus not

in a way to account for the longitudinal momentum frac-
tion of the away-side hadron with respect to the near-side
trigger particle.

TABLE I. Gaussian widths of pout for direct photon-hadron
and dihadron correlations in p+p collisions at

p
s = 200 GeV.

Units are [GeV/c ] for both hptrig
T i and the Gaussian widths.

Trigger Type hptrig
T i Gaussian Width Stat. Sys.

⇡0 4.44 0.429 0.001 +0.016
�0.014

5.69 0.449 0.001 +0.024
�0.026

7.71 0.534 0.002 +0.022
�0.031

10.1 0.545 0.004 +0.024
�0.018

13.1 0.534 0.012 +0.021
�0.031

Direct photon 5.65 0.46 0.01 +0.02
�0.02

7.71 0.53 0.02 +0.01
�0.04

10.1 0.60 0.04 +0.01
�0.06

13.2 0.73 0.15 +0.09
�0.22

To study the dependence of the nonperturbative mo-
mentum widths on the fragmentation quantity xE , the
pout distributions were constructed as a function of xE .
To have su�cient statistical precision, and to compare

pout = pT ,assoc sin ∆φ

xE =

∣∣∣∣
pT ,assoc
pT ,trig

cos ∆φ

∣∣∣∣
I Near- and Away-sides have non-perturbative Gaussian core related to

jT and intrinsic kT and power-law tails due to hard gluon radiation.

p+p data arxiv:1805.02450 (submitted to PRD)
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High pT p+A Broadening

Away-side Broadening in p+A
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FIG. 4. A diagram which shows the hard scattering kine-
matics of a nearly back-to-back correlation for (a) dihadron
and (b) direct photon-hadron events, adapted from Ref. [32].
Two hard-scattered partons, shown in red, are acoplanar

due to the initial-state ~k1
T and ~k2

T of the colliding partons.
The partons result in a trigger and associated jet fragment
ptrig

T and passoc
T with a transverse momentum component per-

pendicular to the jet axis j
T

trig
y

and jTassoc
y

in the trans-

verse plane, which are assumed to be Gaussian such thatp
hj2

T i =
q

2hj2

T
trig
y

i =
q

2hj2
Tassoc

y
i. For direct photons (b)

ptrig
T corresponds to the hard scattering vector because the

direct photon is produced from the hard scattering. In each
figure the quantity xE is labeled as the green vector and ap-
proximates the momentum fraction z of the final-state away-
side hadron.

on hzT i = ptrig
T /p̂trig

T , which is roughly 0.6 at Relativistic-
Heavy-Ion-Collider (RHIC) energies [43]. Thus, for ⇡0-
hadron correlations, on average z < xE ; therefore the
dihadron and direct photon-hadron correlations are on
average probing di↵erent values of the away-side hadron
momentum fraction z.
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FIG. 5. The pout distributions are shown for dihadron and
direct photon-hadron correlations, binned in xE . The 9%
charged hadron normalization uncertainty is not explicitly
shown on the figure.

The pout distributions for p+p collisions at
p

s = 200
GeV binned in 0.1 < xE < 0.5 are shown in Fig. 5. The
open points are the ⇡0-hadron correlations, while the
filled points are the direct photon-hadron correlations.
In constructing the correlations, the underlying event
was statistically subtracted following a method similar to
Ref. [32]. The functions used to statistically subtract the
underlying event are shown as fits to the away-side dis-
tributions in Fig. 3. Although the correlation functions
are binned in xE instead of passoc

T , there is still a clear
transition from nonperturbative to perturbative sensitiv-
ity in the distributions. This is highlighted by the Gaus-
sian fits to the small pout region [-1.1,1.1] GeV/c in the
figure, where the fits clearly fail at describing the correla-
tions at large pout. We also note that Ref. [32] found that
the large pout region was described reasonably well with
a Kaplan fit; here the distributions are not described by
a Kaplan fit due to the smaller center-of-mass energy.
When

p
s is smaller, it is less likely that a high pT gluon

radiation will occur such that pout is large. This causes
the pout distributions to fall more quickly towards zero
at large pout.

The widths of the Gaussian fits are extracted to quan-
tify the evolution of the nonperturbative away-side jet
widths as a function of ptrig

T . Systematic uncertainties
are evaluated by adjusting the fit region by ± 0.2 GeV/c
and taking the absolute di↵erence of the resulting Gaus-
sian width. The values are shown in Fig. 6 and Table I
and clearly demonstrate that the widths increase with
ptrig

T . This is in contrast to Ref. [32], where the widths

decreased as a function of ptrig
T when the pout distribu-

tions were binned in a fixed passoc
T range and thus not

in a way to account for the longitudinal momentum frac-
tion of the away-side hadron with respect to the near-side
trigger particle.

TABLE I. Gaussian widths of pout for direct photon-hadron
and dihadron correlations in p+p collisions at

p
s = 200 GeV.

Units are [GeV/c ] for both hptrig
T i and the Gaussian widths.

Trigger Type hptrig
T i Gaussian Width Stat. Sys.

⇡0 4.44 0.429 0.001 +0.016
�0.014

5.69 0.449 0.001 +0.024
�0.026

7.71 0.534 0.002 +0.022
�0.031

10.1 0.545 0.004 +0.024
�0.018

13.1 0.534 0.012 +0.021
�0.031

Direct photon 5.65 0.46 0.01 +0.02
�0.02

7.71 0.53 0.02 +0.01
�0.04

10.1 0.60 0.04 +0.01
�0.06

13.2 0.73 0.15 +0.09
�0.22

To study the dependence of the nonperturbative mo-
mentum widths on the fragmentation quantity xE , the
pout distributions were constructed as a function of xE .
To have su�cient statistical precision, and to compare

I Near side shows no
change.

I Away side pout increases
for d+Au.
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High pT p+A Broadening

Away-side Broadening in p+A

I Choose two xE bins
measure for 0-40% and
40-100% p+Au.

I Increase of
non-perturbative widths
with Ncoll .

I The increase is on the
order of 10’s of MeV.

I Can we rule out A1/3

multiple scattering
picture?

CollN
2 4 6 8 10

2
 [G

eV
/c

]
2 p+

p
〉

ou
t

p〈
 -

 
2 p+

A
〉

ou
t

p〈

0.05−

0

0.05

0.1

0.15

0.2

=200 GeVNNs

<9 GeV/c
trig

T
5<p

3
π4<φ∆<

3
π2

<0.25
E

p+Al 0.15<x
<0.25

E
p+Au 0.15<x

<0.5
E

p+Al 0.25<x
<0.5

E
p+Au 0.25<x

PH ENIX
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Cu+Cu
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U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

N. Grau (Augustana) PHENIX Highlights 6/14/18 12 / 44



High pT Isolated γ-h

Direct γ-h Correlations in Au+Au

Isolation Cone Method in Au+Au

• Typical to use isolation cone in
p+p and small systems

• First measurement utilizing
isolation cone in Au+Au
collisions from PHENIX

Joe Osborn (UM) 15

ETH = 10%Eγ + Offset

Cent Rcone Offset [GeV/c]

0-20% 0.1 2.0

20-40% 0.2 4.0

40-60% 0.2 2.0

60-92% 0.3 1.0

Example Isolated Au+Au Background Contribution

• Example correlation function shown
with the modulated background
contribution

• Modulated background consistent with
underlying event region, indicating that
background from isolated photons is
properly accounted for

• The modulated background is negative
due to the implementation of the
isolation cut, which preferentially
selects photons out of the event-plane

13

I Isolation cut in Au+Au
preferentially selects photons
out of the event plane –
opposite sign on v2 modulation
in some pT bins.
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High pT Isolated γ-h

Direct γ-h IAA
Away-Side Yield Suppression and Enhancement

• Measure IAA = YAA/Ypp as a function of
pγ
T , ⟨zT⟩, and centrality

• Purple lines show average across pγ
T in

two ⟨zT⟩ regions in each centrality bin
• Can study the measured
enhancement/suppression as a
function of centrality with these
averages

Joe Osborn (UM) 17

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

〈zT 〉 ≡ 〈pT ,assoc/pT ,γ〉 IAA =
Per− Trigger YieldAu+Au

Per− Trigger Yieldp+p
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High pT Isolated γ-h

Direct γ-h IAAAway-side Yield Suppression and Enhancement

• Yield modification IAA = YAA/Ypp
determined in two ⟨zT⟩ bins as a
function of centrality for |∆φ − π| < π/5

• Statistically significant monotonic
increase of enhancement to
suppression

• Provides information on redistribution
of energy loss over a wide range of
centrality

Joe Osborn (UM) 18

I “Head” region: low-z fragments
become enhanced relative to the
suppressed high-z fragments.

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

Large ⟨zT⟩ Centrality Dependence

Previous PHENIX result, Phys. Rev. C 80, 024908 (2009)

• Isolation cut and larger statistical data greatly improves precision compared to
previous PHENIX result

• Results give much better constraints on suppression of high pT hadrons as a
function of centrality in Au+Au direct photon-hadron correlations

Joe Osborn (UM) 19

I Combing Run-10 and Run-11 +
Isolation Cone increases S/B
resulting in a more precise
determination of IAA.
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High pT Forward Hadrons

Charged Hadrons in Muon Arms in p+Al and p+Au
High-pT hadrons Heavy flavor Collectivity Electromagnetic probes

Small systems nuclear modification
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Forward modification consistent with nPDF e↵ects (EPPS16)

Don’t forget: particle species dependence of Cronin! There must be final state e↵ect(s)...

R. Belmont PHENIX highlights at QM18 Slide 8

Jason Bryslawskyj, Wednesday 16/05/2018, 16:50

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p

I EPPS16 describes p-going, not large enhancement in
Au-going.
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High pT Forward Hadrons

Hadron RpA vs. Npart

>part<N
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Au+Au

U+U

p+Al
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3He+Au

Cu+Aup+p

I Very large enhancement at
intermediate pT increases with
centrality.

I Enhancement in ion direction
larger than Cronin enhancement
at midrapidity.
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Heavy Flavor

Heavy Flavor.
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Heavy Flavor p + p Bottom and Charm

Dimuon Continuum in p + p

1805.02448 submitted to PRD
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FIG. 13. Inclusive µ+µ� pair mass distributions from p+p collisions at
p

s = 200 GeV over the mass range from 0 to 15
GeV/c2. The inset shows the mass region below 4 GeV/c2 with more detail. Results are shown separately for the (a) south
and (c) north muon arms. The data are compared to the cocktail of expected sources. Panels (b) and (d) show the ratio of the
data divided by the known sources.
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FIG. 14. Inclusive like-sign µµ pair yield from p+p collisions as a function of mass for the (a) south and (b) north muon arms
and (c) the ratio of data to expected sources.

mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

0
1
2 mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

0
1
2

mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

]2 [GeV/c-µ+µm
0 1 2 3 4 5 6 7 8 9 100
1
2 mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

]2 [GeV/c-µ+µm
0 1 2 3 4 5 6 7 8 9 100
1
2

(a) (b)

(c) (d)

(e) (f)

(g) (h)

co
ck

ta
il

da
ta

co
ck

ta
il

da
ta

p+p 200GeV
Cocktail sum

cc
bb

DY

corr. hadrons
comb. BG

,ω, φ, ρ', η, η
ϒ', ψ, ψ   J/

Unlike-sign pairs
in South muon

arm acceptance

 < 1 GeV/c   
T

p  = 1-2 GeV/c
T

p

 = 2-3 GeV/c
T

p  > 3 GeV/c   
T

p

mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

0
1
2 mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

0
1
2

mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

]2 [GeV/c-µ+µm
0 1 2 3 4 5 6 7 8 9 100
1
2 mass(GeV)0 1 2 3 4 5 6 7 8 9 10

/G
eV

]  
2

dN
/d

m
[c

10

210

310

410

]2 [GeV/c-µ+µm
0 1 2 3 4 5 6 7 8 9 100
1
2

(i) (j)

(k) (l)

(m) (n)

(o) (p)

co
ck

ta
il

da
ta

co
ck

ta
il

da
ta

p+p 200GeV
Cocktail sum

cc
bb

DY

corr. hadrons
comb. BG

,ω, φ, ρ', η, η
ϒ', ψ, ψ   J/

Unlike-sign pairs
in North muon

arm acceptance

 < 1 GeV/c   
T

p  = 1-2 GeV/c
T

p

 = 2-3 GeV/c
T

p  > 3 GeV/c   
T

p

FIG. 15. Inclusive unlike-sign µµ pair yield from p+p collisions at
p

s = 200 GeV as a function of mass in di↵erent pT slices
for the (a,b,c,d) south and (i,j,k,l) north muon arms. The ratio of data to expected sources are shown in panels (e,f,g,h) for
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Cu+Cu

Au+Au
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p+Au

d+Au

3He+Au

Cu+Aup+p

I Dimuon continuum well described by cocktail.

I Bottom dominates: high-mass, like sign.

I Drell-Yan dominates: high-mass, unlike sign
I Charm S/B largest: intermediate mass, unlike sign
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Heavy Flavor p + p Bottom and Charm

DY→ µ+µ−

1805.02448 submitted to PRC
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m < 8.2 GeV/c2 as a function of pair pT . Results are shown
separately for the south and north muon arms.

unexplored phase space and serves as a solid baseline for
future measurements.

IX. SUMMARY

We present µµ pair measurements from open heavy
flavor decays and the Drell-Yan mechanism in p+p colli-
sions at

p
s = 200 GeV.

Invariant yields of µµ pairs from cc̄ and bb̄ are mea-
sured as a function of �� and pT and compared to di↵er-
ent models, pythia and powheg. Within experimental
uncertainties, the azimuthal opening angle and pair pT

distributions from bb̄ are well described by these mod-
els. For cc̄, the data favors the description of pythia.
The powheg calculations predict a systematically higher
yield than pythia at smaller opening angles and is dis-
favored by data in the probed kinematic region.

We find that the high mass like-sign pairs are dom-
inated by decays from open bottom, which provides a
strong constraint to the bottom cross section. The mea-
sured total bottom cross section is consistent with RHIC
measurements at the same energy, and is around a factor
of two higher than the central value of NLL and NLO cal-
culations with an input bottom quark mass of mb = 4.75
GeV/c2.

The Drell-Yan cross section as a function of mass in
4.8 � �15.0 GeV/c2 is presented and compared to NLO
calculations from Vitev and Qiu. Within uncertainties we
find good agreement between NLO calculations and data.
The Drell-Yan pT cross section in the mass region 4.8 �
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FIG. 32. Panel (a) shows the corrected µµ yield from Drell-
Yan in pair rapidity region 1.2 < |yµµ| < 2.2. Data are
compared to NLO calculations. Panel (b) gives the ratio of
the data to one of the NLO calculations.

�8.2 GeV/c2 is also presented, along with the pythia
tune that best describes the data.
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Appendix A: DETAILED DESCRIPTION OF
SIMULATION FRAMEWORKS

Details of the two simulation chains used in this anal-
ysis, namely the default PHENIX simulation framework
and the fastMC, are discussed in the following. The
flowchart shown in Fig. 34 summarizes a comparison be-
tween the data reconstruction framework and the two
simulation chains.

Event&
Genera*on& GEANT4&

Event&
Genera*on&

Single&
par*cle&
genera*on&

GEANT4&

Rotation Matching 

Raw&hits& Reconstructed&
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dimuons&Input&par*cles&

Weighting 

Parent&par*cles& Muon&candidates&

FIG. 34. Flow chart of the analysis chain of the dimuon re-
construction for real data, default PHENIX simulation frame-
work, and FastMC framework.

1. Default PHENIX simulation framework

The default PHENIX simulation is based on a detailed
geant4 [39] implementation of the muon arms. This
framework takes into account the detector’s geometri-
cal acceptance and all ine�ciencies from dead channels.
To account for variations of detector performance dur-
ing the data taking period, the data are split into run
groups with similar performance. For each group a map
of dead channels is created for the MuTr. The simulation
randomly selects these maps according to the sampled lu-
minosity for each run group.

Muon pairs from physical sources are simulated with
a z-vertex distribution taken from MB p+p data. Once
the pairs are processed through the detector simulation,
they are reconstructed using the same procedure and fil-
tered with the same cuts as used for real data. Thus, all
detector e↵ects including acceptance, dead areas, track
reconstruction, and analysis cuts are taken properly into
account.

Because the analyzed data are triggered with the
MuIDLL1-2D trigger, the e↵ects of the trigger also need
to be accounted for. To achieve this, we apply an of-
fline software trigger to all simulated tracks, which is
an exact replication of the online hardware MuIDLL1-
1D trigger. We require that both tracks of a pair fulfill

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p
I Drell Yan mass and pT spectrum well described by NLO and PYTHIA
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Heavy Flavor p + p Bottom and Charm

cc̄ and bb̄ Production

I At leading order, QQ̄ produced
back-to-back in azimuth.

I NLO diagrams can have very
different azimuthal dependence

I PYTHIA event record contains
information about NLO
diagrams.
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FIG. 6. Compilation of meson production in p+p collisions at
p

s = 200 GeV at (a) hyi = 0, (b) hyi = 2.95 and (c)
hyi = 1.6 � �1.7. The data at hyi = 0 is taken from PHENIX: ⇡0 ! �� [46](black star),[47](black open circle), (⇡+ + ⇡�)/2
[48], KS ! ⇡0⇡0 [44], (K+ + K�)/2 [48], ⌘ ! �� [43](blue star),[45](blue open circle), ⌘ ! ⇡0⇡+⇡� [43], ⌘0 ! ⌘⇡+⇡� [44].
The data at hyi = 2.95 is taken from BRAHMS: (⇡+ + ⇡�)/2 [49], (K+ + K�)/2 [49]. The data at hyi = 1.7 ��1.8 is taken
from PHENIX: �! µµ [41], ! + ⇢! µµ [41], J/ ! µµ [40]. The curves are fits to data.

(a) s-channel Flavor
Creation

(b) t-channel Flavor
Creation

(c) Flavor Excitation (d) Gluon Splitting

FIG. 7. Feynman diagrams corresponding to flavor creation
(a,b), flavor excitation (c) and gluon splitting (d) [11, 52].

B. Unphysical µµ pair sources

Unphysical pair background is customary subdivided
into combinatorial and correlated pairs. Here the idea is
that for combinatorial pairs the two tracks have no com-
mon origin and thus are uncorrelated. In contrast, for

correlated pairs the tracks do have a common origin, for
example they both stem from the decay chain of a heavy
hadron or they were part of the fragmentation products
of a jet and others.

In p+p collisions, or generally in events with a small
number of produced particles, the distinction between
combinatorial and correlated pairs is not well defined.
For example, all particles are correlated through momen-
tum and charge conservation. Therefore, the separation
is more procedural and is defined by how the relative
contributions of correlated and combinatorial pairs are
determined. We use an approach that maximizes the
number of pairs considered combinatorial, which will be
discussed in detail in Sec. VIA 2.

The individual contributions of the unphysical pair
background are determined using Monte-Carlo event gen-
erators. We treat pairs that are made from two hadronic
tracks (hadron-hadron pairs: Nhh) and those with one
hadronic track and the other being a muon from the de-
cay of a D, B, or J/ meson (muon-hadron pairs : NDh,
NBh and NJh) separately.

1. Hadron-hadron pairs: Nhh

The Nhh pairs are simulated with pythia, using pa-
rameters listed in Table VI. This Tune A setup repro-
duces jet-like hadron-hadron correlations at midrapid-
ity in p+p collisions at

p
s = 200 GeV [55] reasonably

well. To also reproduce the pT spectra we use momen-
tum dependent weighting to match the pythia distribu-
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FIG. 25. The corrected µµ yield as a function of azimuthal opening angle from (a) charm and (b) bottom decays. The data
are compared to the distributions calculated with powheg and pythia. The model calculations are normalized to the data
(see text for details). For pythia the µµ pair yield is broken down into contributions from pair creation, flavor excitation, and
gluon splitting.

[GeV/c]
T

p
0 1 2 3 4 5

[c
/G

eV
]

T
dN

/d
p

10−10

9−10

8−10
| < 2.2µη > 3 GeV/c, 1.2 < |

µ
p

] < 2.52 [GeV/c-µ+µ1.5 < m
Global Uncertainty 12.0%

 X-µ+µ → X c c→(a) pp PHENIX

 = 200GeVsp+p 
 = 0.316mbccσPOWHEG 
 = 0.343mbccσPYTHIAv6 

PYTHIAv6 (pair creation)
PYTHIAv6 (flavor excitation)
PYTHIAv6 (gluon splitting)

[GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 [c
/G

eV
]

T
dN

/d
p

0

0.2

0.4

0.6

0.8

1

1.2

9−10×

PHENIX
| < 2.2µη > 3 GeV/c, 1.2 < |

µ
p

] < 10.02 [GeV/c±µ±µ
3.5 < m
Global Uncertainty 12.0%

 X±µ±µ → X b b→(b) pp 
 = 200GeVsp+p 

bµ = 3.94bbσPOWHEG 
bµ = 3.59bbσPYTHIAv6 

PYTHIAv6 (pair creation)
PYTHIAv6 (flavor excitation)
PYTHIAv6 (gluon splitting)

FIG. 26. The corrected µµ yield as a function of pair pT from (a) charm and (b) bottom decays. Presentation of the
comparison to powheg and pythia is the same as Fig. 25. The upper limits on panel (a) indicate 95% confidence level.

B. Bottom cross section

To determine heavy flavor production cross sections,
the µµ pair data need to be extrapolated from the small
kinematic region covered by the experiment to the full
phase space. This extrapolation has to rely on model

calculations. For the case of charm, there are significant
discrepancies between the di↵erential distributions cal-
culated by di↵erent models, hence an extrapolation to
full phase space is model dependent [7]. However, this is
less of an issue for bottom production. The distributions
of µµ pairs from bb̄ are dominated by decay kinematics

Cu+Cu

Au+Au

U+U

p+Al

p+Au

d+Au

3He+Au

Cu+Aup+p I At RHIC energies, gluon splitting a small component of charm
and bottom production
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FIG. 3. Credible intervals for (a,b,c) cc̄ and (d,e,f) bb̄ production mechanisms extracted from data and pythia Tune A.

A. In contrast, angular correlations generated using
powheg are broader than those from data.

Based on pythia Tune A, we have performed a shape
analysis using the combined data on heavy flavor an-
gular correlations at

p
s = 200 GeV. This analysis con-

strains the relative contributions of the leading order pair
creation, and next-to-leading order flavor excitation and
gluon splitting processes, separately for cc̄ and bb̄. The
data indicate that the dominant production mechanism
of bb̄ production is pair creation, and supports the sce-
nario in which flavor excitation dominates cc̄ production.
Similar measurements in p+p collisions at di↵erent en-
ergies will provide insight on the energy dependence of
heavy quark production mechanisms.

At RHIC energies, heavy quarks can be utilized to
study initial gluon dynamics due to the small fraction
of gluon splitting contribution. Besides p+p collisions,
heavy quarks are commonly used to study nuclear mat-
ter e↵ects in p+A and A+A collisions with the assump-
tion that heavy quarks are mostly produced in the early
stages of collisions. Similar measurements in p+A may
shed light on process dependent cold nuclear matter ef-
fects. A solid understanding of the contributions of heavy
flavor processes in p+p and p+A collisions will be criti-
cal to precisely interpret results in A+A collisions, which
su↵er complications due to the contribution from gluon
splitting process, particularly at LHC energies [30, 31].
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I Combine µµ with eµ (PRC 89 034915) and ee (PRC 96 024907) in a
Bayesian statistical analysis.
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Heavy Flavor Heavy Flavor e

c ,b → e in Au+Au

I Utilize the full statistics of the
2014 VTX data

I 4x statistics of 2010 dataset

I Decomposition into c and b
separately using the DCA is
ongoing.
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Heavy Flavor c and b v2

c → e and b → e v2 in Au+Au

HF v2 for c- and b-enriched DCA ranges

2017/5/15 Quark Matter 2018 Venezia, Takashi HACHIYA 10

• Clear difference for c- and b- enriched DCA ranges
• Photonic and hadron background subtracted
• No b-fraction information is used

• Suggests  v2
b(b→e) < v2

c(c→e) at low pT
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I Select regions of DCAT enhance b and c .

I Subtract off other measured background v2 i.e. from charged hadrons.
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c → e and b → e v2 in Au+Au
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Collectivity Au+Au Cumulants

Multiparticle Cumulant Analysis in Au+Au
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FIG. 6. Centrality dependence of (a) v2{2} and (b) v2{4}. (a) The red points indicate no pseudorapidity gap whereas the
magenta points indicate a pseudorapidity gap of |�⌘| > 2.0. (b) The black points indicate v2{4} with no pseudorapidity gap,
the blue points indicate a two-subevent method with |�⌘| > 2.0 but where some short-range pairs are allowed, and the red
points indicate a two-subevent method with |�⌘| > 2.0 where no short-range pairs are allowed.
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p
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the black open circles indicate v2{6}, and the green filled di-
amonds indicate v2{8}.

lar flow, we show our measurement c3{4} in Figure 10.
The results are positive for all centralities, and be-
cause vn{4} = (�cn{4})1/4 the v3{4} will be complex-
valued. The STAR experiment has also measured c3{4}
in Au+Au collisions at

p
s

NN
= 200 GeV, though at

midrapidity |⌘| < 1.0 [34]. Their results, also shown
in Figure 10, are consistent with zero and fluctuate be-
tween positive and negative c3{4} values. The di↵er-
ence between the STAR and PHENIX data points likely
stems from the di↵erent acceptance in pseudorapidity
(the STAR points are measured over |⌘| < 1 while the
PHENIX points are measured over 1 < |⌘| < 3 as dis-
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lation as done in data is done in ampt, shown as a solid green
line. Calculations of �"2/h"2i performed in the Monte Carlo
Glauber model are shown as blue lines. The solid blue line
is the Monte Carlo Glauber calculation done using the same
estimate as the data, the dashed blue line is the direct calcu-
lation of the moments of the MC Glauber "2 distribution.

cussed above). These results likely indicate that the
small-variance limit is not applicable to v3 in Au+Au
collisions at

p
s

NN
= 200 GeV for any centrality. Thus,

the measurement of these 2- and 4-particle cumulants is
insu�cient to constrain the mean and variance of the
triangular flow event-by-event distribution.
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cussed above). These results likely indicate that the
small-variance limit is not applicable to v3 in Au+Au
collisions at

p
s

NN
= 200 GeV for any centrality. Thus,

the measurement of these 2- and 4-particle cumulants is
insu�cient to constrain the mean and variance of the
triangular flow event-by-event distribution.

I Use FVTX (1< |η| <3) tracks.

I Requiring |∆η| > 2 reduces non-flow contribution to v2.

I v2{2} > v2{4} ≈ v2{6} ≈ v2{8}.
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B. Folding Results

Now we turn to the results from the event-by-event for-
ward fold. As detailed in Section III B, in the v2 case the
Bessel-Gaussian parameters are well-constrained apart
from the most central events. In the v3 case, however, the
Bessel-Gaussian parameters are not well-constrained for
any centrality class. However, despite the broad range of
possible �v3

and vRP
3 values, these correspond to a rather

small range for the real mean hv3i and root-mean-square
or variance �v3

of the distributions. This means that de-
spite the lack of constraint on the parameters, the first
(v3) and second (�v3

) moments of the distribution are
nevertheless well-constrained.

We can quantify hvni and �vn
by varying the Bessel-

Gaussian parameters within the one- and two- standard
deviation statistical constraints. In addition, we deter-
mine the systematic uncertainties on these quantities by
varying the z-vertex and analyzing loose and tight cuts
(as described for the cumulants analysis). An additional
systematic uncertainty on the response matrix is esti-
mated by splitting the data sample into two subsets, one
with higher extracted � and one with lower, forward fold-
ing the two data sets separately, and then assessing the
di↵erence.

Figure 11 (a) shows the extracted first moment hv2i,
Fig. 11 (b) shows the extracted second moment �v2 , and
Fig. 11 (c) shows the relative fluctuations �v2

/hv2i, each
as determined from the folding method and as a func-
tion of centrality. Likewise, Fig. 12 (a) shows the ex-
tracted hv3i, Fig. 12 (b) shows the extracted �v3

, and
Fig. 12 (c) shows the relative fluctuations �v3

/hv3i. The
colored bands indicate the statistical uncertainties at the
68.27% confidence level (red) and the 95.45% confidence
level (green) from the �2 analysis. The thin black lines in-
dicate the systematic uncertainties. Also shown in 11 as
blue squares are results from the cumulant based calcula-
tion as discussed in the previous section. The hv2i values
are in excellent agreement for all centralities, and the
�v2

and �v2
/hv2i are in reasonable agreement for 10%–

40% centrality, where the small-variance limit holds. Fig-
ure 9 shows a comparison between the cumulant result
v3{2, |�⌘| > 2|} and the folding analysis result

p
hv2

3i
(calculated from the results in Fig. 12). These results
are consistent within the systematic uncertainties.

We highlight that the �v2
/hv2i values agree well with

those determined from the cumulant method as shown in
Figure 8, except in the most central Au+Au events. The
most central 0%–5% events are exactly where the Monte
Carlo Glauber results in Figure 8 indicate a breakdown in
the small-variance approximation. This is a good valida-
tion of the forward folding procedure and another confir-
mation that the event-by-event elliptic flow fluctuations
in Au+Au collisions at

p
s

NN
= 200 GeV are dominated

by initial geometry fluctuations.

Intriguingly, whereas the values of �v2/hv2i vary signif-
icantly as a function of centrality, the values of �v3/hv3i
are almost precisely 0.52 independent of centrality. To
understand this better, we need to consider a rather pe-
culiar feature of the Bessel-Gaussian Function. Figure 13
shows the �vn

/hvni of the Bessel-Gaussian as a function
of the ratio �/vRP

n . For values of � > vRP
n , the observed

�vn
/hvni saturates at a value of about 0.52. Thus, any

Bessel-Gaussian in the large variance limit will have a
�vn

/hvni of the same value.

This observation can, in fact, help shed light on the
observed discrepancy between the CMS [11] and AT-
LAS [10] data on �v3

/hv3i. Figure 14 shows �v2
/hv2i

and �v3
/hv3i as a function of centrality in Pb+Pb colli-

sions at
p

s
NN

= 2.76 TeV from CMS and ATLAS. The
CMS results are obtained using the cumulant method as-
suming the small-variance limit. In contrast the ATLAS
results are obtained via an event-by-event unfolding and
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p+Au
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Cu+Aup+p
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I v3{4} = (−c3{4})1/4 so v3{4}
is complex valued, likely
dominated by fluctuations.

I Attempt to unfold
event-by-event fluctuations
assuming Bessel-Gaussian, does
not work.

I Forward fold instead.
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FIG. 11. Folding results for (a) v2, (b) �v2 , and (c) �v2/hv2i. The black lines above and below the points indicate the systematic
uncertainties. The red (green) boxes indicate the statistical uncertainties at the 68.27% (95.45%) confidence level. In the case
of hv2i, the statistical uncertainties at the 68.27% confidence level are too small to be seen, and the uncertainties at the 95.45%
confidence level are visible but noticeably smaller than the marker size. Shown as blue squares are the same quantities as
determined using the cumulant based calculation—these points are slightly o↵set in the x-coordinate to improve visibility.
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FIG. 12. Folding results for (a) hv3i, (b) �v3 , and (c) �v3/hv3i. The black lines above and below the points indicate the
systematic uncertainties. The red (green) boxes indicate the statistical uncertainties at the 68.27% (95.45%) confidence level.
The �v3/hv3i values are all ⇡ 0.52, the apparent limiting value of this quantity for the Bessel-Gaussian distribution.

calculating the exact mean and variance of the distribu-
tion.

The �v2/hv2i values are in very good agreement, which
appears to validate the small variance approximation (as
was also validated in the Au+Au at

p
s

NN
= 200 GeV

case in this analysis). In contrast, there is a large di↵er-
ence in the �v3

/hv3i between the di↵erent methods. The
ATLAS �v3

/hv3i values are all very close to 0.52, ex-
actly as observed above in the present Au+Au data and
as found to be a limiting case for the Bessel-Gaussian
function. To better understand the �v3

/hv3i, we also
show �"3/h"3i as determined from MC Glauber calcula-
tions. The dashed red-line uses the small-variance limit

estimate with cumulants, as is done for the CMS data,
and the agreement is quite reasonable. The solid red
line is calculated from the moments of the "3 distribu-
tion directly, and shows good agreement with the AT-
LAS data. This represents a quantitative confirmation
of the event-by-event fluctuations and the breakdown in
the small variance approximation. For the Au+Au v3 re-
sults, the small-variance limit must be more significantly
broken, driving the values to being complex-valued. If
the initial geometry fluctuations in Au+Au at RHIC and
Pb+Pb at the LHC are similar, this implies that there
are additional, larger fluctuations at RHIC in the trans-
lation of the initial geometry into final state momentum
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calculating the exact mean and variance of the distribu-
tion.

The �v2/hv2i values are in very good agreement, which
appears to validate the small variance approximation (as
was also validated in the Au+Au at

p
s

NN
= 200 GeV

case in this analysis). In contrast, there is a large di↵er-
ence in the �v3

/hv3i between the di↵erent methods. The
ATLAS �v3

/hv3i values are all very close to 0.52, ex-
actly as observed above in the present Au+Au data and
as found to be a limiting case for the Bessel-Gaussian
function. To better understand the �v3

/hv3i, we also
show �"3/h"3i as determined from MC Glauber calcula-
tions. The dashed red-line uses the small-variance limit

estimate with cumulants, as is done for the CMS data,
and the agreement is quite reasonable. The solid red
line is calculated from the moments of the "3 distribu-
tion directly, and shows good agreement with the AT-
LAS data. This represents a quantitative confirmation
of the event-by-event fluctuations and the breakdown in
the small variance approximation. For the Au+Au v3 re-
sults, the small-variance limit must be more significantly
broken, driving the values to being complex-valued. If
the initial geometry fluctuations in Au+Au at RHIC and
Pb+Pb at the LHC are similar, this implies that there
are additional, larger fluctuations at RHIC in the trans-
lation of the initial geometry into final state momentum
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I v2 results from
folding consistent
with cumulants.

I Can extract v3
and fluctuations.

I σv3/v3 = 0.52, a
limit of
Bessel-Gaussian,
indicated large
variance.
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Geometry Scan Motivation

I Changing target varies initial
geometry: circular → elliptical
→ triangular.

I If momentum anisotropy drives
collectivity expect

v
3He+Au
2 > vd+Au

2 > vp+Au
2

v
3He+Au
3 > vd+Au

3 > vp+Au
3

I If geometry drives collectivity
expect

v
3He+Au
2 ≈ vd+Au

2 > vp+Au
2

v
3He+Au
3 > vd+Au

3 ≈ vp+Au
3

4

p+Au

d+Au

3He+Au

t = 1.0 fm/c t = 1.7 fm/c t = 3.2 fm/c t = 4.5 fm/c

6420-2-4-6 6420-2-4-6 6420-2-4-6 6420-2-4-6

6
4
2
0

-2
-4
-6
6
4
2
0

-2
-4
-6
6
4
2
0

-2
-4
-6

x [fm] x [fm] x [fm] x [fm]

y 
[fm

]
y 

[fm
]

y 
[fm

]

Te
m

pe
ra

tu
re

 [G
eV

]

0.30

0.25

0.20

0.15

0.10

0.05

0.00

FIG. 2. | Hydrodynamic evolution of small systems.
Hydrodynamic evolution of a characteristic head-on p+Au
(top), d+Au (middle), and 3He+Au (bottom) collision atp

sNN = 200 GeV as calculated by sonic, where the p/d/3He
completely overlap with the Au nucleus. From left to right
each row gives the temperature distribution of the nuclear
matter at four time points following the initial collision at
t = 0. The arrows depict the velocity field of the fluid cells,
with the length of the longest arrow plotted corresponding to
� = 0.82.

perature that evolves in time following the laws of rela-
tivistic viscous hydrodynamics using an equation of state
determined from lattice QCD [17]. Examples of this evo-
lution are shown for p/d/3He+Au collisions in Fig. 2 us-
ing the hydrodynamical model sonic [18]. The first panel
of each row shows the temperature profile at time t = 1.0
fm/c for characteristic p+Au, d+Au, and 3He+Au col-
lisions. The following three panels show snapshots of
the temperature evolution at three di↵erent time points.
The initial spatial distribution also sets the pressure gra-
dient field, which translates into a velocity field of the
fluid cells, which in turn determines the azimuthal mo-
mentum distribution of produced particles. The relative
magnitude and direction of the velocity in each fluid cell
is represented in the figure by arrows. At the final time
point, t = 4.5 fm/c, the mostly circular (top), ellipti-
cal (middle), and triangular (bottom) initial spatial ec-
centricities have been translated into dominantly radial,
elliptic, and triangular flow, respectively. Given these
di↵erent initial geometries, as characterized by the "2
and "3 values shown in Fig. 1, hydrodynamical models
provide a clear prediction for the ordering of the exper-
imentally accessible v2 and v3 signals, following that of
the "n, namely

v
p+Au
2 < vd+Au

2 ⇡ v
3He+Au
2 ,

v
p+Au
3 ⇡ vd+Au

3 < v
3He+Au
3 .

(3)

This ordering assumes that hydrodynamics can e�ciently

translate the initial geometric "n’s into dynamical vn’s,
which in turn requires a small value for the specific shear
viscosity.

There exist a class of competing explanations where
the v2 is not generated via flow, but rather is created at
the earliest time in the collision process as described by
so-called initial-state momentum correlation models. It
is really a mimic flow signal where the initial collision
generates color flux tubes that have a preference to emit
particles back-to-back in azimuth [19, 20]. These color
flux tubes, also referred to as domains, have a transverse
size less than the color-correlation length of order 0.1-
0.2 fm. In this framework, a collision system with a larger
overall area but the same characteristic domain size (for
example d+Au and 3He+Au compared with p+Au and
p+p) should have a weaker correlation because the dif-
ferent domains are separated and do not communicate.
An instructive analogy is a ferromagnet with many do-
mains: if the domains are separated and disconnected,
the overall magnetic field is weakened by the cancellation
of e↵ects from the random orientation in the di↵erent do-
mains. The RMS diameter of the deuteron is 4.2 fm, and
so in d+Au collisions the two hot spots are much further
apart than the characteristic domain size. A straightfor-
ward prediction is then that the v2 and v3 coe�cients
should be ordered

vp+Au
n > vd+Au

n > v
3He+Au
n , (4)

in contradistinction to the hydrodynamic flow prediction.
An experimental realization of the proposed geome-

try scan has been under way since 2014 at RHIC. Col-
lisions of 3He+Au, p+Au, and d+Au at

p
s

NN
= 200

GeV were recorded in 2014, 2015, and 2016, respectively.
The PHENIX experiment observed elliptic anisotropies
in the azimuthal distributions of the charged particles
produced in all three systems [21–23], as well as trian-
gular anisotropies in 3He+Au collisions [23]. This Letter
completes this set of elliptic and triangular flow measure-
ments from PHENIX in all three systems and explores
the relation between the strength of the measured vn and
the initial-state geometry.

The vn measurements reported here are determined
using the event plane method [24] for charged hadrons
in the midrapidity region covering |⌘| < 0.35, where ⌘ is
the particle pseudorapidity,

⌘ ⌘ � ln

✓
tan

✓

2

◆
, (5)

and ✓ is the polar angle of the particle. The nth order
event planes are determined using detectors in the Au-
going direction covering �3.9 < ⌘ < �3.1. The pseudo-
rapidity gap of |�⌘| > 2.75 between the particle measure-
ments and the event plane determination reduces auto-
correlations, as well as short-range correlations arising
from, for example, jets and particle decays—typically re-
ferred to as nonflow correlations. Estimates of possible
remaining nonflow contributions are included in the sys-
tematic uncertainties. Additional uncertainties related

3

The experimental study of the collisions of
heavy nuclei at relativistic energies has estab-
lished the properties of the quark-gluon plasma
(QGP), a state of hot, dense nuclear matter in
which quarks and gluons are not bound into
hadrons [1–4]. In this state, matter behaves as
a nearly inviscid fluid [5] that e�ciently trans-
lates initial spatial anisotropies into correlated
momentum anisotropies among the produced par-
ticles, producing a common velocity field pattern
known as collective flow. In recent years, com-
parable momentum anisotropies have been mea-
sured in small-system proton-proton (p+p) and
proton-nucleus (p+A) collisions, despite expecta-
tions that the volume and lifetime of the medium
produced would be too small to form a QGP.
Here, we report on the observation of elliptic
and triangular flow patterns of charged parti-
cles produced in proton-gold (p+Au), deuteron-
gold (d+Au), and helium-gold (3He+Au) colli-
sions at a nucleon-nucleon center-of-mass energyp

s
NN

= 200 GeV. The unique combination of
three distinct initial geometries and two flow pat-
terns provides unprecedented model discrimina-
tion. Hydrodynamical models, which include the
formation of a short-lived QGP droplet, provide a
simultaneous description of these measurements.

Experiments at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC) explore
emergent phenomena in quantum chromodynamics, most
notably the near-perfect fluidity of the QGP. To quantify
this behavior, the azimuthal distribution of each event’s
final-state particles, dN

d� , is decomposed into a Fourier

series as follows:

dN

d�
/ 1 +

X

n

2vn(pT ) cos(n(��  n)), (1)

where pT and � are the transverse momentum and the
azimuthal angle of a particle relative to the beam direc-
tion, respectively, and  n is the orientation of the nth

order symmetry plane of the produced particles. The
second (v2) and third (v3) Fourier coe�cients represent
the amplitude of elliptic and triangular flow, respectively.
A multitude of measurements of the Fourier coe�cients,
utilizing a variety of techniques, have been well-described
by hydrodynamical models, thereby establishing the fluid
nature of the QGP in large-ion collisions [5].

The LHC experiments were first to observe similar
features in small-system collisions [6–9], followed closely
by reanalysis of previously recorded d+Au data from
RHIC [10, 11]. These unexpected results highlighted the
need to explore whether these smallest hadronic systems
still form QGP. Alternatively, a number of physics mech-
anisms that do not involve QGP formation have been pro-
posed which attribute final-state momentum anisotropy
in small system collisions to momentum correlations in
the initial collisions and are referred to as initial-state
momentum correlation models (see Refs. [12] and [13] for

recent reviews).
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FIG. 1. | Average system eccentricities from a Monte
Carlo Glauber model. Average second (third) order spa-
tial eccentricities, "2 ("3), shown as columns for small impact
parameter p+Au (red), d+Au (blue), and 3He+Au (black)
collisions as calculated from a MC Glauber model. The sec-
ond and third order spatial eccentricities correspond to ellip-
ticity and triangularity respectively as depicted by the shapes
inset in the bars.

A projectile geometry scan utilizing the unique capa-
bilities of RHIC was proposed in Ref. [14] in order to
discriminate between hydrodynamical models that cou-
ple to the initial geometry and initial-state momentum
correlation models that do not. Varying the collision sys-
tem from p+Au, to d+Au, to 3He+Au changes the initial
geometry from dominantly circular, to elliptical, and to
triangular configurations, respectively, as characterized
by the 2nd and 3rd order spatial eccentricities, which cor-
respond to ellipticity and triangularity, respectively. The
nth order spatial eccentricity of the system, "n, typically
determined from a Monte Carlo (MC) Glauber model of
nucleon-nucleon interactions (see e.g. Ref [15]), can be
defined as

"n =

p
hrn cos(n�)i2 + hrn sin(n�)i2

hrni , (2)

where r and � are polar coordinates of participating nu-
cleons [16]. The eccentricity fluctuates event-by-event
and is generally dependent on the impact parameter of
the collision and the number of participating nucleons.
The mean "2 and "3 values for small impact parameter
p/d/3He+Au collisions are shown in Fig. 1. The "2 and
"3 values in d+Au and 3He+Au are driven almost en-
tirely by the intrinsic geometry of the deuteron and 3He,
while the values in p+Au collisions are driven by fluctu-
ations in the configuration of struck nucleons in the Au
nucleus, as the proton itself is on average circular.

Hydrodynamical models begin with an initial spatial
energy-density converted into fluid cells with a given tem-
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Confirms flow as geometric in origin, 
but mechanism driving this is inconclusive

vn(pT) measurement in small systems
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I v2 ordering follows eccentricity – origin is geometry not momentum
anisotropy.
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FIG. 4. | Measured vn(pT ) in three collision systems compared to two hydrodynamical models. a, Measured vn(pT )
in the 0-5% most central p+Au collisions compared to hydrodynamical models. b, Measured vn(pT ) in the 0-5% most central
d+Au collisions compared to hydrodynamical models. c, Measured vn(pT ) in the 0-5% most central 3He+Au compared to
hydrodynamical models. Each point in a-c represents an average over pT bins of width 0.2 GeV/c to 0.5 GeV/c; black circles
are v2, black diamonds are v3. Each model curve in a-c represents a hydrodynamic prediction of vn. The solid red is sonic;
the dashed blue line is iEBE-VISHNU.

elliptic and triangular flow ordering eliminates this am-
biguity.

In summary, we have shown azimuthal particle cor-
relations in three di↵erent small-system collisions with
di↵erent intrinsic initial geometries. The simultaneous
constraints of v2 and v3 in p/d/3He+Au collisions defini-
tively demonstrate that the vn’s are correlated to the ini-
tial geometry, removing any ambiguity related to event
multiplicity or initial geometry models. We find that
the ordering of the v2 and v3 between the three systems
is inconsistent with that expected from initial-state mo-
mentum correlation models, ruling this out as the dom-
inant mechanism behind the observed collectivity. Fur-
ther, we find that hydrodynamical models which include
QGP formation provide a simultaneous and quantitative
description of the data in all three systems.
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Nucléaire et de Physique des Particules (France), Bun-
desministerium für Bildung und Forschung, Deutscher
Akademischer Austausch Dienst, and Alexander von
Humboldt Stiftung (Germany), NKFIH, EFOP, the

New National Excellence Program (ÚNKP) and the J.
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FIG. 1. Transverse momentum dependence of v2 for identified pions and protons within |⌘| < 0.35 in 0%–5% central p+Au,
d+Au [3], and 3He+Au collisions. The measurements are compared to hydrodynamic calculations using the supersonic
model [37], matched to the same multiplicity at midrapidity as the data. Note that the data points shown include nonflow
contributions, whose estimated magnitude is accounted for in the asymmetric systematic uncertainties.
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FIG. 2. Same as Fig. 1, but also shown are v2(pT ) calculations using the iebe-vishnu hydrodynamic model [18], illustrating
the e↵ect of hadronic rescattering on the mass-dependent v2 values.
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FIG. 3. Same as Fig. 1, but also shown are v2(pT ) transport model calculations using ampt [23].

I Hydro also compares well to identified particle v2 measured at low pT .

I Predicts vπ2 ≈ vp2 at high pT .
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2 over vProton
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sNN = 200 GeV.
Theoretical calculations from supersonic and ampt are also shown.

data. As noted in [24], ampt generates significant v2,
and in particular mass splitting, in the hadronic rescat-
tering stage. As also shown in Figure 3, the results with-
out rescattering have significantly lower v2 values and
almost no mass splitting for pT < 1 GeV/c. At higher
pT , the feature of v2 for protons being greater than pi-
ons remains without hadronic rescattering and is asso-
ciated with the spatial coalescence implementation for
hadronization.

Figure 4 shows the ratio of pion to proton v2(pT ) in all
collision systems, with the corresponding theory curves
overlaid. In the ratio, many systematic uncertainties can-
cel and thus one sees more precisely that the data exhibit
a similar trend in all collisions systems where pion v2 is
larger than proton v2 for pT < 1.5 GeV/c, with the order
reversed at higher pT . Linear fits on these ratios ranged
from 0.5 GeV/c to 3.0 GeV/c , which include both the
statistical and the systematic uncertainties, yield slope
values of �0.22 ± 0.07 in p+Au collisions,�0.40 ± 0.07
in d+Au collisions, and �0.34 ± 0.03 in 3He+Au colli-
sions. In this ratio, one can clearly see that supersonic,
iebe-vishnu, and the full ampt modeling describe the
mass splitting in d+Au and 3He+Au for pT < 1.5 GeV/c.
In the p+Au case, it appears that the calculations over-
predict the more modest splitting at the lowest mea-
sured pT = 0.5 GeV/c. The results from ampt with-
out hadronic rescattering have very little mass splitting
at low pT in disagreement with the experimental data,
particularly for d+Au and 3He+Au collisions. Above
the crossing point, supersonic, and iebe-vishnu pre-
dict nearly flat ratios, while ampt describes the ratio of
the v2 values, but not their individual magnitudes. These
di↵erences may be attributed to the di↵erent hadroniza-
tion mechanisms (e.g. - if recombination is included) in
the models.

The observation of a mass-dependent v2 strengthens

the case for associating small-system collectivity with
the expansion of QGP droplets formed in these colli-
sions, where the splitting can be understood in terms
of the presence of a common radial flow field with
anisotropic modulations driven by initial geometry. How-
ever, the theoretical calculations presented in this pa-
per provide several alternative explanations of how the
azimuthal anisotropies for di↵erent particle species may
occur. For instance, in kinetic transport, parton scatter-
ing translates initial geometry into final state momentum
anisotropy, but it does not account for the observed mass
splitting. Instead, this feature has been shown to arise
solely from the hadronic rescattering stage where di↵er-
ent hadrons have di↵erent inelastic cross sections [24].
There is more hadronic rescattering in 3He+Au and
d+Au compared with p+Au for these central collisions
because they have a higher particle density. It is inter-
esting that this conclusion based on ampt regarding the
contribution of the hadronic rescattering stage is oppo-
site to that reached using viscous hydrodynamics [18].
Di↵erences in the hadronic scattering packages B3D [56]
used in supersonic, urqmd [49] used in iebe-vishnu,
and art [23] used in ampt warrant further investigation.

Finally, we return to the high pT region where neither
viscous hydrodynamics nor parton transport calculations
match the data. Figure 5 shows the scaling of v2 with
constituent quarks as a function of transverse kinetic en-
ergy per quark KET /nq = (

p
p2

T + m2 � m)/nq, where
m is the mass of the hadron and nq represents the num-
ber of constituent quarks in the hadron. In all three
systems, the v2/nq for pions and protons as a function
of KET /nq follow an approximate quark-number scaling.
The same scaling was previously observed in A+A colli-
sions [20, 38, 57, 58]. At intermediate pT (1.5–4 GeV/c),
the enhancement of baryons over mesons and the re-
versed mass ordering of v2 in A+A collisions have been

I Hydro also compares well to identified particle v2 measured at low pT .

I Predicts vπ2 ≈ vp2 at high pT .
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R. Belmont PHENIX highlights at QM18 Slide 18

charged

hadrons

heavy flavor

muons

Takashi Hachiya, Tuesday 15/05/2018, 16:00

I Charged hadrons in muon arm acceptance flows.

I v2 > 0 for heavy flavor muons 3.22σ (backward) and 2.16σ (forward)
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Direct Photons in Cu+Cu
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I Excess of virtual direct photons
compared to Ncoll -scaled p + p.

I Excess spectra similar between
0-40% Cu+Cu and 40-60%
Au+Au with similar geometry.

I Inverse exponential slopes of
excess: 285±53(stat)±57(sys).
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FIG. 7. The direct photon spectra for 200 GeV Cu+Cu (a)
MB and (b) 0%–40% centralities. The TAA-scaled p+p data
and fits together with uncertainties are shown as the open
circle symbols and the dotted lines and accompanying boxes
and bands. Au+Au 40%–60% centrality data points, which
have a similar Npart as the Cu+Cu 0%-40% centrality data,
are shown as the square symbols where the Au+Au points are
scaled by the Npart ratio (66.4/56.0). An exponential fit to the
Cu+Cu data of the excess yield over the scaled p+p fit (red
line) yields inverse slopes of 285±53(stat)±57(syst) MeV/c
for MB and 333±72(stat)±45(syst) MeV/c for 0%–40%.

e+e� pairs of the hadronic cocktail. Figure 7 shows the
direct photon spectra for Cu+Cu MB and 0%–40% most
central events. The p+p results [9] parameterized by a
modified power law function, App(1 + pT

2/Bpp)
npp , and

its TAA-scaled functions are shown as the dotted lines
together with the data points. The modified power law
is an empirical parameterization describing the p+p re-
sult well, especially at low pT . The same function has
been employed in previous low pT direct photon publi-
cations in heavy ion collisions [6, 7]. We have performed
a least square analysis in which pT -correlated and pT -
uncorrelated errors are properly taken into account. A
detail description on constraint parameterization can be
found in Ref. [25]. The p+p data points measured by
the EMCal in 4 < pT < 10 GeV/c are included in the
fit in addition to the virtual photon measurement cov-
ering pT < 6 GeV/c. Here the lowest pT data point is
just an upper limit. The best fit gives �2/NDF=18.9/17,
which is the minimum obtained by variation of the pT -

correlated errors. The uncertainty of the p+p fit is cal-
culated using the error matrix of the fit parameters and
is indicated as bands on the scaled p+p fits. A di↵er-
ent empirical parameterization, employed in Ref. [9], was
tested as well. We treat the small deviation we find above
1 GeV/c as a maximum-extend error. We divide the devi-

ation by
p

12 and add it in quadrature to the uncertainty
of the fit.

An exponential fit to the excess yield above
the scaled p+p fits gives inverse slopes of
285±53(stat)±57(syst) MeV/c for MB and
333±72(stat)±45(syst) MeV/c for 0%–40% central-
ity. Furthermore, the Cu+Cu 0%–40% centrality result
is compared with the Au+Au 40%–60% data scaled by
the Npart ratio (66.4/56.0), which is consistent within
uncertainties [see Fig. 7(b)].

C. Rapidity density

We further investigate the Npart dependence of the di-
rect photon yields as discussed in Ref. [7]. It has been
reported that the Au+Au results [26] show an increasing
trend for Npart. The Cu+Cu data points help to have a
closer look at the dependence in the small Npart region.
The rapidity density for pT > 1 GeV/c at midrapidity,
dN/dy(pT > 1 GeV/c), is calculated by summing the di-
rect photon yields in given pT bins taking the bin-width
correction into account:

dN

dy
= 2⇡

X

pT
i>1GeV/c

(pT
i ⇥ yi

� ⇥ Ci
bw ⇥�pT

i), (8)

Ci
bw =

Z pT,max

pT,min

ffit(pT )dpT /(ffit(pT
i) ⇥�pT

i), (9)

where pT
i, yi

� ,�pT
i are the mean pT , the direct photon

yield and the pT -bin width for the i-th pT bin. The bin-
width correction, Cbw, is evaluated based on the fit func-
tion, ffit, to the data shown in Fig. 7. Cbw contributes
an additional 3.5% uncertainty of dN/dy. Then, dN/dy
for the binary-scaled p+p fit [26] is subtracted. Figure 8
shows dN/dy of the excess yield over the scaled p+p fit as
a function of measured charged multiplicity, dNch/d⌘, at
midrapidity. A simple power law fit with the fixed power
of 1.25, (dNch/d⌘)1.25, is done for both the Cu+Cu and
Au+Au results as done in Ref. [26]. It works very well
to describe the dNch/d⌘ dependence.

The inverse slope of the exponential fits and the ra-
pidity density of the excess yield of direct photons over
the scaled p+p fits for pT > 1 GeV/c are summarized to-
gether with dNch/d⌘, Ncoll, Npart corresponding to 0%–
40%, MB Cu+Cu collisions in Table II.

arXiv:1805.04066 Submitted to PRC

N. Grau (Augustana) PHENIX Highlights 6/14/18 38 / 44



Direct Photons

Direct Photons in A+A
High-pT hadrons Heavy flavor Collectivity Electromagnetic probes

Photon yields
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 scaled prompt photonscollN
 = 200 GeVsp+p fit, 
 = 2760 GeVspQCD, 
 = 200 GeVspQCD, 
 = 62 GeVspQCD, 

 = 1.25α
PHENIX

R. Belmont PHENIX highlights at QM18 Slide 31

Common scaling for Au+Au
and Pb+Pb at di↵erent
energies; very di↵erent from
Ncoll-scaled p+p

Vlad Khachatryan, Monday 14/05/2018, 16:50 arXiv:1805.04084, submitted to Phys. Rev. Lett.

I Comparison of direct
photons over many
collision centralities,
energies and species
scales with (dN/dη)1.25.

I Implies a common origin
to the source of excess
photons?

N. Grau (Augustana) PHENIX Highlights 6/14/18 39 / 44



Direct Photons

Direct photons in p+Au

21

Small Systems: PHENIX Preliminary pT Spectra
Inv. Yield = (RJ - 1)�u Jhad➢ After RJ is constructed, we can get the invariant cross section

Vladimir Khachatryan, Quark Matter 2018,  Venice22

Small Systems: PHENIX Preliminary pT Spectra
Inv. Yield = (RJ - 1)�u Jhad➢ After RJ is constructed, we can get the invariant cross section

Vladimir Khachatryan, Quark Matter 2018,  Venice

➢ One can see a clear
enhancement of the direct
photon yield above the
Ncoll scaled p+p
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Direct photons in p+Au
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I RAA > 1 systematically for most central p+Au. Origin?

I More evidence of thermalized QGP in p+Au?
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Direct Photons in A+B
High-pT hadrons Heavy flavor Collectivity Electromagnetic probes

Photon yields
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Common scaling for Au+Au
and Pb+Pb at di↵erent
energies; very di↵erent from
Ncoll-scaled p+p

p+Au in between

Vlad Khachatryan, Monday 14/05/2018, 16:50

I p+Au and d+Au points
between p + p and A+A.

I Different origin for
p(d)+Au excess
compared to A+A?
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Summary

Summary

I PHENIX continuing to analyze high quality data making important
contributions in

I Spin
I Increasing the W measurement to higher η.
I Finding novel asymmetries in p+A collisions.

I High-pT
I Two-particle away-side broadening in p+Au compared to p+p
I Narrowing in on energy redistribution from modified isolated direct
γ-hadron correlations in Au+Au

I Large enhancement of Au-going hadrons from 2.5-5 GeV in the muon
arms in p+Au compared to p+p.
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Summary

Summary

I Heavy Flavors
I Dimuon (and eµ and ee) azimuthal correlation identify dominant

production mechanism of heavy flavor in p+p
I Full statistics of 2014 Au+Au data allow first measurement of c → e

and b → e v2 > 0.

I Collectivity
I Geometry scan (p+Au, d+Au, 3He +Au) indicates geometry the

source of collectivity
I Heavy quarks flow, too!

I Direct Photons
I Excess of direct photons near 1 GeV in 0-5% p+Au collision.
I Scaling of A+A direct photons yields “turns on” at small collision

systems.
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Backup High pT

Hadron RpA in p+Al
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Backup High pT

Hadron RpA in p+Au
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